Global biogeochemical models have improved dramatically in the last decade in their representation of the biosphere. Although leaf area data are an important input to such models and are readily available globally, global root distributions for modeling water and nutrient uptake and carbon cycling have not been available. This analysis provides global distributions for fine root biomass, length, and surface area with depth in the soil, and global estimates of nutrient pools in fine roots. Calculated root surface area is almost always greater than leaf area, more than an order of magnitude so in grasslands. The average C:N:P ratio in living fine roots is 450:11:1, and global fine root carbon is more than 5% of all carbon contained in the atmosphere. Assuming conservatively that fine roots turn over once per year, they represent 33% of global annual net primary productivity.
Fine roots (Յ2 mm in diameter) are the primary pathway for water and nutrient uptake by plants, the same role that leaves play for carbon and energy uptake. Fine roots are also a prominent, possibly the prominent, sink for carbon acquired in terrestrial net primary productivity (1) (2) (3) (4) . Primary production allocated below ground is often greater than that allocated above ground, and annual carbon and nutrient inputs to the soil from fine roots frequently equal or exceed those from leaves (1) (2) (3) (4) (5) . Despite their importance for nutrient cycling, resource capture, and global biogeochemistry, fine roots are poorly represented in global models. The lack of representation is in sharp contrast to the prevalence of canopy leaf area data as an important input (6) (7) (8) (9) (10) . The input of leaf area, which can be estimated regionally by remote sensing (11) , allows carbon and energy gain to be simulated biochemically in terrestrial models (12) . Part of the cause for the discrepancy in representing roots and shoots is the difficulty in estimating root distributions (2, 13, 14) . This analysis provides the first global fine root database for improving global models and estimates of carbon cycling. These data should enhance hydrological models [where fine roots control water absorption by plants and affect groundwater and atmospheric fluxes (15, 16) ], improve estimates of nitrogen cycling and the consequences of nitrogen loading (17) , and allow the biochemical modeling of nutrient uptake globally (18, 19) .
METHODS
This research differs from a previous analysis (20) by calculating fine rather than total root distributions (those roots active in water and nutrient uptake), by estimating root biomass, length, surface area, and nutrient contents, by taking into account the proportion of live root biomass in each biome, and by calculating a global budget for each parameter. To estimate fine root distributions by depth, a database of 253 field studies was analyzed (20) . A study was included if fine roots were measured in three or more increments to at least 1-m soil depth (minimum depth for tundra was the level of permafrost). More than 40 references met these criteria and many included multiple sites per study. The selected references are listed in appendix 2 of reference 20, which also provides information on the location, precipitation, soil type, vegetation, and sampling method of each study. The depth distributions for each biome were fitted to a model of vertical root distribution (21) based on the asymptotic equation Y ϭ ␤ d , where Y is the cumulative root fraction (a proportion between 0 and 1) from the soil surface to depth d (in centimeters) and ␤ is the fitted extinction coefficient. ␤ is the only fitted parameter and provides a simple numerical index of rooting distribution. High ␤ values (e.g., 0.98) correspond to a greater proportion of roots at depth and low ␤ values (e.g., 0.92) have a greater proportion of roots near the soil surface. ␤ values were calculated for fine root data only.
The database was supplemented with more than 100 additional field studies for estimating global fine root biomass, length, surface area, and nutrient contents. There are a number of excellent compilations for fine root biomass in some biomes (22) (23) (24) (25) (26) , due in part to the efforts of the International Biological Programme. Such information is unavailable for other biomes and there has been no attempt at a global synthesis. A study was included in the biomass compilation if it included live or total fine roots to at least 25 cm depth in the soil (most studies went substantially deeper). Many excellent studies were excluded due to an inability to separate fine root biomass from total root or total underground biomass (roots, tubers, rhizomes, etc.) or because more than one reference supplied duplicate information for the same site. Relevant studies by biome were: boreal forest (27) (28) (29) (30) (31) (32) , deserts (33) (34) (35) (36) (37) , sclerophyllous shrublands and forests (38) (39) (40) (41) (42) (43) (44) (45) , temperate coniferous forest (46) (47) (48) (49) (50) (51) (52) (53) (54) (55) (56) , temperate deciduous forest (46, 47, 49, 50, 52, (57) (58) (59) (60) (61) (62) (63) (64) (65) (66) (67) , temperate grasslands (36, (68) (69) (70) (71) (72) (73) (74) (75) (76) (77) , tropical deciduous forest (22, (78) (79) (80) (81) (82) (83) , tropical evergreen forest (22, (84) (85) (86) (87) (88) (89) (90) (91) (92) (93) , tropical grassland͞savanna (94) (95) (96) (97) (98) , and tundra (99) (100) (101) (102) (103) . Some studies provided data for multiple times and locations within a site and these data were averaged for the particular site. The biomass estimates in all studies were averaged by biome and functional type to provide a value for total fine root biomass. To estimate the proportion of total root stocks active in resource uptake, the estimates of total fine root biomass were then adjusted for the fraction of living roots in each biome based on results of field studies that measured both. The average proportion of live and dead roots for each biome were (percent live): boreal forest (28-30) (42%), desert (50%), sclerophyllous shrubland and forest (40) (41) (42) (43) To convert live fine root biomass to surface area (where models of enzymatic uptake can be applied), morphological parameters including fine root diameter and specific root length were derived and then extrapolated to other sites that provided root mass only. The morphological data were compiled from field data for fine roots of grasses, shrubs, and trees as functional types, since insufficient field data existed for a biome-based approach. Relevant studies were those in appendix 1 of reference 20 and additional references for grasses (4, 68, (103) (104) (105) (106) , shrubs (39, 40, 42, 45) , and trees (52, 59, 85, 88, (107) (108) (109) (110) (111) (112) (113) . The data for mean fine root diameter (in millimeters) and specific root length (m⅐g Ϫ1 ), respectively, were as follows [SEM and number (n) in parentheses]: grasses, 0. 
RESULTS
Total fine root biomass ranged from 0.27 kg⅐m Ϫ2 in deserts to 1.5 kg⅐m Ϫ2 in temperate grasslands, and live fine root biomass was 0.13 kg⅐m Ϫ2 and 0.95 kg⅐m Ϫ2 in the same biomes (Table 1) . Average live fine root biomass in all other biomes was between 0.1 and 0.5 kg⅐m Ϫ2 . Live fine root length was an order of magnitude greater in grasslands than elsewhere, with more than 100 km⅐m Ϫ2 of temperate grassland and 60 km⅐m Ϫ2 for tropical grasslands (Table 1) . Root area index (RAI, m 2 ⅐m Ϫ2 ) showed a pattern similar to root length (Table 1) . RAI was approximately 43 and 80 m 2 ⅐m Ϫ2 for tropical and temperate grasslands and less than 12 m 2 ⅐m Ϫ2 for all other systems. Calculated depth distributions showed that tundra had the shallowest fine root distributions of any biome, with 94% of roots in the upper 30 cm of soil (Table 1) . Boreal forest and temperate grasslands also showed relatively shallow profiles (␤ ϭ 0.943 for both). The deepest profiles were in tropical deciduous forests, temperate coniferous forests, tropical evergreen forests, tropical grasslands͞savannas, and deserts (0.970 Ͻ ␤ Ͻ 0.982).
Based on this analysis, a previous synthesis of total root biomass (20) , and the biome classification scheme of Whittaker (126), we calculated global estimates of total root biomass, fine root biomass, and live fine root biomass, length, and surface area (Table 2 ) and a global budget for nutrient concentrations in fine roots (Table 3) . Tropical grasslands͞ savannas, temperate grasslands, and tropical rainforests had the greatest total fine root biomass (Ϸ1 ϫ 10 16 g for each), and there were 7.8 ϫ 10 16 g of fine roots globally ( Table 2 ). The carbon in this global fine root pool was approximately 5% of the size of the atmospheric carbon pool (Table 3; (Tables 2 and 3 ). The global pool of N in living fine roots was 4.8 ϫ 10 8 Mg, approximately one-seventh of the estimate for all terrestrial vegetation (128) , and the average C:N ratio of live fine roots globally was 42 (Table 3) . Live fine root surface area was 2.0 ϫ 10 9 km 2 globally (Table  2) , four times the surface area of earth and approximately 14 times the total land surface area. There were 2.5 ϫ 10 15 km of live fine root length globally ( Table 2 ). Given the difficulty in harvesting fine roots and the potential underestimation of deep roots in some systems (91, 129, 130) , the global estimates of mass, surface area, and nutrient contents are almost certainly conservative.
DISCUSSION
Global estimates of leaf area index (LAI, m 2 leaf surface area m Ϫ2 soil surface) are known with much greater precision than the global RAI values generated here for the first time. Based on the results in Table 1 , RAI is at least comparable to LAI in all terrestrial systems, and in most systems is substantially larger. Grassland LAI rarely is greater than 10 m 2 ⅐m Ϫ2 [usually much less so (131)] and on average the absorptive surface area below ground in grasslands is at least an order of magnitude greater than that above ground ( Table 1) .
The number of studies measuring RAI for nonagricultural systems is small. Shalyt (74, 132) Ϫ2 for roots Ͻ5 mm in diameter, with roots Ͻ1 mm diameter comprising 85-90% of total RAI. Despite few existing datasets and issues of spatial variability, the data provide good agreement without data tuning.
A similar comparison of measured root length from field studies also shows close agreement with calculated estimates. Live root length for temperate coniferous forests ranged from 2.7 to 7.7 km⅐m Ϫ2 in four field studies (49, 52, 109, 113) , close to the biome estimate of 6.1 km⅐m Ϫ2 (Table 1) . Values for total roots Ͻ2 mm in diameter in two tropical evergreen forests (85, 88) were 2.0 and 2.3 km⅐m Ϫ2 compared with the live root estimate for the biome of 4.1 km⅐m Ϫ2 . A 64-year-old beech stand (Fagus sylvaticus) studied by Hendriks and Bianchi (49) had higher than predicted fine root length (18.4 km⅐m Ϫ2 ) than the biome estimate of 5.4 km⅐m Ϫ2 . Estimates for sclerophyllous vegetation (39-42) ranged from 2.1 to 7.7 km⅐m Ϫ2 , slightly lower than the biome estimate of 8.4 km⅐m Ϫ2 , but none of the three studies included roots Ͼ1.25 mm in diameter. Clearly more estimates of fine root length and surface area are needed, particularly since no estimates were found for half the biomes. Root tissue densities calculated from the compiled morphological data are also similar to published estimates from the field. Such a check is valid because, in most cases, the estimates of specific root length were derived from a different subset of studies than the estimates of fine root diameter. Based on the global estimates, average fine root tissue densities were 0.21, 0.22, and 0.31 g dry weight⅐cm Ϫ3 for grasses, shrubs, and trees. In comparison, average fine root tissue densities from field studies ranged from 0.15 to 0.52 g⅐cm Ϫ3 for trees (59, 108, 112) . There are a number of caveats for any analysis that averages data across such broad categories as biomes or plant functional types. Important seasonal and spatial dynamics within a biome are masked by pooling information within and across sites, as are climatic and edaphic factors (133) . In savannas, for example, the relative proportion of trees and grasses can change spatially and temporally and will have large effects on the functioning of the ecosystem and the distribution of roots. At any particular site there may also be small-scale variation important to individual plants (134) . To take seasonal dynamics into account, our estimates of biomass, length, and surface area can be used in models with the most appropriate root phenology described for a particular site. Surprisingly, many studies showed little seasonal variation in such parameters as root biomass or the proportion of live and dead roots, and even in deciduous systems it is clear that roots do not disappear in concert with leaves. Overall, two primary goals for our estimates are (i) to generate broad hypotheses among biomes and plant functional groups to be tested in the field and (ii) to provide a benchmark for improvement as additional data become available.
This analysis provides to the best of our knowledge the first global estimates for fine root biomass, length, surface area, and nutrient contents and their distribution with depth in the soil. There are at least three important uses for these data. First, efforts to model water and nutrient uptake globally in a biochemical or physiologically explicit manner could be improved by including the absorptive surface area of live roots and their vertical distribution in soil. Consider the importance of LAI for global models of carbon and energy gain (7) (8) (9) (10) , and the importance of RAI for nutrient and water uptake is apparent. Better representation of mycorrhizae in such models is also needed and could be accomplished by building upon the data presented here. Second, there are approximately onequarter million species of higher plants (135) , and their grouping into meaningful functional and community types is necessary for successfully predicting the consequences of global change (136) . This analysis provides the basis for a number of such groupings. Third, improved estimates of total and live fine root biomass should refine estimates of terrestrial Live and total fine root biomass values are from Table 2 . The global C:N:P ratio for fine roots is 450:11:1. The calculations are based on Whittaker's estimate (126) of land area for each biome and the conversion factors in Table 1 . (Total continental land area in Whittaker's classification also includes 2.8 ϫ 10 7 km 2 of extreme desert, rock, sand, ice, swamps, marshes, lakes, and streams). Where the two classification schemes are not perfectly matched, the values for temperate coniferous forests were substituted for Whittaker's temperate evergreen forest and the sclerophyllous shrublands͞woodlands were used for Whittaker's woodland and shrubland category. Conversion values for cultivated land were derived from Dittmer (127) .
carbon and nutrient cycling. The total fine-root C pool is 5% of the size of the atmospheric C pool, and the biomass of living fine roots is similar in magnitude to 33% of annual net primary productivity. The small diameter, relatively short lifespan, and low C:N ratio of fine roots (Table 3 ) result in their rapid turnover and quick decomposition compared with woody biomass (3), making them disproportionately important for estimates of annual net primary production, nutrient cycling, and carbon allocation (1-5).
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